Interactions between proteins underlie numerous biological functions. Theoretical work suggests that protein interactions initiate with formation of transient intermediates that subsequently relax to specific, stable complexes. However, the nature and roles of these transient intermediates have remained elusive. Here, we characterized the global structure, dynamics, and stability of a transient, on-pathway intermediate during complex assembly between the Signal Recognition Particle (SRP) and its receptor. We show that this intermediate has overlapping but distinct interaction interfaces from that of the final complex, and it is stabilized by longrange electrostatic interactions. A wide distribution of conformations is explored by the intermediate; this distribution becomes more restricted in the final complex and is further regulated by the cargo of SRP. These results suggest a funnel-shaped energy landscape for protein interactions, and they provide a framework for understanding the role of transient intermediates in protein assembly and biological regulation.
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EPR spectroscopy | fluorescence spectroscopy | molecular recognition | protein targeting | GTPases I nteractions between proteins are central to biology and underlie numerous molecular recognition, regulation, and signaling events (1) . A challenge in our understanding of protein interactions is to reconcile their fast association kinetics required for biological function (10 6 -10 8 M −1 s −1 ) with the fact that formation of stable protein assemblies often involves extensive short-range, stereospecific interactions that are difficult to accomplish during a single diffusional encounter (2) (3) (4) . This problem becomes more pronounced in protein interactions that require extensive conformational changes in the interaction partners. Much theoretical work has suggested that assembly of a protein complex initiates with the formation of a transient intermediate held together by solvent cage and long-range electrostatic attractions, followed by relative rotatory diffusions of the binding partners to search for the optimal interaction interface with shape and electrostatic complementarity (4) (5) (6) (7) (8) (9) . An extreme example of this concept is the "fly-casting mechanism," in which unstructured protein molecules bind targets weakly at a relatively large distance followed by folding at the target site (10) (11) (12) . In general, formation of transient intermediates reduces the dimension of translational and rotational search and could significantly accelerate protein association.
Despite significant progress in theoretical work, direct experimental demonstration of this model has been limited, and the structural and dynamic nature of transient intermediates during protein interactions has remained elusive. Experimental studies of transient intermediates are still at the infant stage, because these intermediates have short lifetimes and are rarely populated at equilibrium. Pioneering NMR studies have revealed the structures of rare conformational states in equilibrium with the predominant structure in the apo-protein or the final complex, and provided direct experimental support for the ability of proteins to explore different conformations (13) (14) (15) (16) (17) . Nevertheless, many of these studies have focused on protein interactions that are inherently weak and nonspecific; whether the same principle applies to the assembly of a stable and stereospecific protein complex remains to be determined. Further, the transient species probed in this manner do not necessarily represent on-pathway intermediates during complex assembly. To understand the protein assembly pathway, it is crucial that on-pathway intermediates during protein assembly can be isolated. To this end, we chose the interaction between the Signal Recognition Particle (SRP) and the SRP receptor (SR) as a model system.
Rapid assembly of a stable SRP•SR complex is required to efficiently deliver cargo proteins to cellular membranes during cotranslational protein targeting, and it is essential for proper protein localization in all cells (18, 19) . Formation of a stable SRP•SR complex is mediated by specific interactions between their NG domains (comprised of a GTPase, G domain, and a helical N domain) (Fig. 1A) . However, free SRP and SR are not in the optimal conformation to bind one another, and extensive rearrangements must occur in both proteins to attain a stable complex (20) . Previous kinetic studies showed that stable SRP• SR complex assembly begins with the formation of a transient "early" intermediate (Fig. 1A, step 1 
Results
Map the Binding Interface of the Early Intermediate. The interaction surface in the stable SRP•SR complex is formed primarily by close contacts between their G domains, with limited contacts between the N domains near the NG-domain interface contributing the remainder of the interface (Fig. 1A) (20, 22) . We first asked whether the early intermediate forms the same or distinct interaction interface. To this end, electron paramagnetic resonance (EPR) spectroscopy was used to probe the interaction surface (23) (24) (25) . Based on the cocrystal structure of the stable SRP•SR NG-domain complex, we selected residues in the vicinity of the interaction surface on SR for replacement by cysteine, which allowed site-directed spin labeling with the nitroxide probe (1-oxy-2,2,5,5-tetramethyl-3-pyrrolinyl-3-methyl) methanethiosulfonate. Only the sites where cysteine replacement and nitroxide labeling did not substantially affect the SRP-SR interaction were used for EPR measurements (Fig. S1 A and B) . The residues on or near the dimer interface are likely to undergo significant changes in spin-probe mobility upon complex formation. These changes are measured by the linewidth of the central resonance ( Fig. 1B and Fig. S1 C and D, ΔH 0 ) and the overall breadth of the EPR spectra, especially the intensity of hyperfine splitting that arises from highly immobile populations of spin probes relative to the mobile population (Fig. 1B, dashed vs. solid arrows) (23) .
To validate this approach, we first characterized the interaction surface of the stable complex formed with a nonhydrolyzable GTP analogue, 5′-guanylylimido-diphosphate. Twelve residues underwent significant EPR spectral changes upon complex formation (Fig. 1B and Fig. S1C , red vs. black). The majority of spin probes at these positions underwent changes in both central linewidth and the relative population of immobile species (Fig. 1B) . For two of these residues, T356 and N426, changes in probe mobility was not obvious from the central linewidth but was detectable from changes in EPR spectral shape (Fig. 1B and  Fig. S1C ). Collectively, these data provided a view of the interaction surface in the stable complex that is consistent with the cocrystal structure (Fig. 1C , black vs. red outline) (20) . This validated EPR as a powerful tool to probe the interaction surface of the complex.
We next used this approach to locate the interface of the early intermediate. Three classes of residues were identified that underwent distinct EPR spectral changes upon formation of the early or stable complex (Fig. 1B) . Residues in class I, represented by V242 (Fig. 1B and Fig. S1C , purple), underwent similar reductions in spin-probe mobility upon formation of both the early and stable complexes, suggesting that they are involved in the interface of both complexes. Residues in class II, represented by S429 ( Collectively, eight residues underwent substantial spectral changes upon formation of the early intermediate (Fig. 1B , classes I and II). Compared to the stable complex, these residues reside primarily in or near the N domain (Fig. 1C , Right), suggesting that the early intermediate has a detectable interaction surface that partly overlaps with but is distinct from that of the stable complex (Fig. 1C ). In addition, some of the residues that changed mobility specifically in the stable complex (I237, Q425, N426; Fig. 1C and Fig. S2 , green) were in or adjacent to the conserved "TAKGG" and "QLLIADV" motifs, which act as a hinge at the NG-domain interface to readjust the relative orientation of the G and N domains during stable complex formation (20) . The absence of significant spectral changes at these positions in the early intermediate suggests that this crucial rearrangement has not taken place at the early intermediate stage.
To independently identify the interaction surface of the early intermediate, we introduced 24 mutations in SR, all of which map to the heterodimer interface in the stable complex ( Fig. 2A) . These mutations disrupt either the interactions at the dimer interface or the rearrangement at the NG-domain interface, and each impairs formation of the stable complex by 5-to 200-fold (22) . Several of them were also near the residues engaged in the dimer interface of the early intermediate as identified by EPR (compare Fig. 2A vs. Fig. 1C , Right). We tested whether these mutations disrupted the stability of the early intermediate using fluorescence resonance energy transfer (FRET) between coumarin (DACM)-labeled SRP C235 and BODIPY-fluorescein (BODIPY-FL)-labeled FtsY C487 (21) . To our surprise, most of these mutations did not disrupt the early intermediate (Fig. 2B , black bars). Only three mutations caused moderate reductions in The mutational analyses provided independent support for important conclusions from the EPR experiments, including the paucity of G-domain interactions and the absence of conformational readjustments at the NG-domain interface in the early intermediate. On the other hand, these data raised additional questions, because they showed that the early intermediate was insensitive to many mutations near its putative interaction surface identified by EPR. Two models to reconcile these results were tested and verified in the experiments below. First, the major interactions that stabilize the early intermediate may lie further outside the G domain and its vicinity, where most of the mutations above were located. Second, the early intermediate may not have a defined structure but rather contains multiple conformations, each with a distinct interface. Mutations that disrupt a specific interface do not affect alternative conformations, and hence do not significantly affect the overall stability of the intermediate. In contrast, the stable complex has a more defined structure and hence is more susceptible to mutations that disrupt its interface.
Conformational Dynamics in the Early Intermediate. To test whether the early intermediate samples a broad distribution of conformations, time-resolved FRET (TR-FRET) was used to measure the distance distribution between donor (DACM) and acceptor (BODIPY-FL) dyes labeled at specific sites on SRP and SR in different SRP•SR complexes. These measurements provided nanosecond snapshots of fluorescence decay of the donor dye (Fig. S3) , from which donor-acceptor distance distributions of the respective complex could be derived (26) . We analyzed the fluorescence decay curves using both the least-squares fitting (Fig. S4 ) and maximum entropy (Fig. 3) methods. These algorithms produce the narrowest and broadest distance distributions, respectively, that satisfy the experimental measurements, and the distance distributions in the ensemble of SRP•SR complex likely reside in between these two extreme representations (SI Methods). Given this, substantial caution was taken in the interpretation of the distance distributions such that the conclusions are largely independent of the method used to represent the data. Moreover, we focused on the changes in the distance distribution in the different SRP•SR complexes, which are less sensitive to biases introduced by different data representation.
Three pairs of residues were used to measure distance distributions between the G domains (Fig. 3A, G-G) , the NG-domain interfaces (Fig. 3B, NG-NG) , and the N domains (Fig. 3C, N-N) of both proteins. Anisotropy measurements confirmed that all the fluorophores are relatively free rotamers and hence suitable for distance measurements (SI Methods and Table S1 ). For all three pairs, the early intermediate exhibited broad distance distributions spanning approximately 25-60 Å without a single dominant population (Fig. 3 and Fig. S4, blue) . In contrast, the distributions became significantly more restricted in the stable complex (Fig. 3 and Fig. S4, red) . For the G-G and NG-NG pairs (Fig. 3 A  and B and Fig. S4 A and B, red) , a predominant population was observed in the stable complex with a distance in good agree- (20) . In comparison, the N-N pair displayed a broader distribution in the stable complex, with a peak centered around 37 Å (Fig. 3C and Fig. S4C, red) . This observation can be partially explained by the limited interactions between the N domains in the stable complex, which might allow these domains to have more flexibility (20, 27) . Taken together, these results provided direct evidence that the early intermediate contained a large ensemble of conformations that are similar in stability, whereas the stable complex has a more specific structure, particularly at the G domains and NG-domain interfaces.
Comparison of these distance distributions also provided clues to the complex assembly process. A significant population of molecules with distances as short as approximately 25 Å was observed for the N-N pair in the early intermediate, but this population diminished in the stable complex (Fig. 3C and Fig. S4C ). In contrast, a significant population of molecules exhibited long distances (45-60 Å) for the G-G pair in the early intermediate, which also diminished in the stable complex (Fig. 3A and  Fig. S4A ). This suggests that SRP•SR complex assembly initiates from close contacts between their N domains in the early intermediate, whereas the G domains are further apart.
Electrostatic Interactions Drive Formation and Stability of the Early
Intermediate. Consistent with the notion that complex assembly initiates with contacts between the N domains, adaptive Poisson-Boltzmann solver (APBS) calculation (28) revealed clusters of positively and negatively charged residues, respectively, on the surface of N domains of SRP and SR (Fig. 4A) . Interactions between these electrostatically complementary surfaces were supported by their evolutionary conservation (Fig. S5A) , and by molecular docking simulations using the ClusPro 2.0 program (29) , which generated molecular models for the early intermediate. Two groups, each containing an ensemble of approximately 90 structures, scored significantly higher than all the alternative configurations (representatives in each group are shown in Fig. 4B ). In the "N" group, the N domains of SRP and SR contact one another via the electrostatically complementary surfaces identified in the APBS calculation (Fig. 4B, Left) ; in the "G" group, the G domains of the proteins contact one another via an interface that is shifted away from the heterodimer interface in the stable complex (Fig. 4B , Right vs. Inset). The nucleotidebinding cavity of SRP and SR were exposed in both groups (Fig. 4B , Left and Right), explaining why formation of the early intermediate is a nucleotide-independent process.
Both the N and G groups represent possible conformations within the ensemble of structures of the early intermediate, because all the residues that changed mobility in EPR measurements resided on the dimer interfaces of one or the other groups ( Fig. S6A and B) , and because both groups were needed to reproduce the experimentally observed broad distance distributions of FRET probes (compare Fig. S6C-E vs. Fig. 3, blue) . Nevertheless, the following strongly suggests that the N group represents the major conformational ensemble. First, the residues that changed spin-probe mobility in the early intermediate are primarily in or near the N domain (Fig. 1C, Right) . Second, most mutations in the G domain that could affect the G group did not abolish the stability of the early intermediate, suggesting that the conformers in the G group are less significantly populated in this intermediate. Third, in Brownian dynamics calculations (30), the association rate constant for the early intermediate estimated for the N group agreed well with the experimental value, whereas that for the G group was 30-fold slower (Fig. 4C) .
What features in the N group make it the major conformation of the early intermediate? We reasoned that the complementarily charged surfaces on the N domains of SRP and SR could facilitate long-range electrostatic interactions that bring the two proteins into proximity (Fig. 4A) . To test the contribution of these electrostatic interactions, we generated charge reversal mutants in which three basic residues (R35, R49, and K56) on the SRP N domain were mutated to glutamates (RK3E), and the glutamate residues in the EELEE motif on the SR N domain were mutated to arginines (RRLRR). Mutants SRP (RK3E) and SR (RRLRR) severely reduced the stability of the early intermediate ( Fig. 4D  and Fig. S5C) ; these mutants also caused 10-to 28-fold reductions in the association rate constant for stable SRP•SR complex assembly that correlated well with their reduced stabilities in the early intermediate (Fig. 4D, blue and Fig. S5D) .
We further asked whether the SRP-SR interaction can be rescued by combining the charge reversal mutants of SRP and SR, which partially restores the electrostatic complementarity between their N domains (Fig. S5B) . Indeed, the combination of the SRP (RK3E) and SR (RRLRR) mutants restored the stability of the early intermediate to within 3-fold of that of the wild-type (D) Charge complementarity between the N domains is critical to the stability of the early intermediate (black bars) and the kinetics of stable complex assembly (blue bars), determined using the FRET and GTPase assays, respectively, for the wild-type proteins (WT:WT), wild-type SRP and mutant SR (WT:RRLRR), mutant SRP and wild-type SR (RK3E:WT), and the charge reversal SRP and SR mutant pair (RK3E:RRLRR). The kinetic constants were derived from the data in Fig. S5D . FRET efficiency in the early intermediate was recorded at 5 μM FtsY, at which concentration the FRET value is most sensitive to changes in the stability of the early intermediate.
protein (Fig. 4D, black bars and Fig. S5C ). The kinetics of stable complex assembly was correspondingly rescued (Fig. 4D, blue  bars and Fig. S5D ). The incomplete rescue could be accounted for by the fact that, although the SRP (RK3E) mutation made the SRP N domain highly negatively charged, the SR (RRLRR) mutation rendered the SR N domain only moderately positively charged (Fig. S5B) . Together, these results strongly support the notion that electrostatic interactions provide an important driving force to form and stabilize the early intermediate, which correspondingly enhances the kinetics of stable complex assembly.
Cargo Restricts Conformational Dynamics of the Early Intermediate.
The SRP-SR interaction is profoundly influenced by the cargos of SRP, the ribosome-nascent chain complexes (RNCs), which stabilize the early intermediate over 50-fold and accelerate stable complex assembly over 100-fold (18, 19) . We speculated that the cargo could actively regulate the conformational dynamics of the early intermediate. To test this hypothesis, we used TR-FRET to measure the conformational distribution of the early intermediate in the presence of RNC FtsQ , which contains the first 74 amino acids of a known SRP substrate FtsQ. Notably, the cargo substantially altered the distance distribution of all the FRET pairs in the early intermediate, changing their broad distance distributions to more bimodal patterns ( Fig. 3 and Fig. S4, green) . Thus, the cargo restricts the dynamics of the early intermediate to a more limited conformational space, in which the successful selection of complementary structures might be enhanced. This could partly explain how the cargo enhances the kinetics of SRP•SR complex assembly and therefore effects efficient protein targeting (18, 19) .
Discussion
Using the SRP-SR interaction as a model system, we analyzed the global structure, dynamics, and stability of an on-pathway intermediate during the assembly of a stable protein complex. The techniques used here would not provide atomic resolution information for the assembly intermediate; on the other hand, a combination of biochemical, biophysical, and theoretical approaches provided a set of complementary and self-consistent information that together revealed important global features of this intermediate and shed light on the association process of a relatively large and stable protein complex.
An intriguing finding of this work is that the interaction surface used by the early intermediate is quite distinct from that of the stable complex. Electrostatic interactions between complementarily charged surfaces on the N domains of SRP and SR provided the primary stabilizing force for the early intermediate (Movie S1). In contrast, more stereospecific interactions between the G domains, which provide most of the driving force for the stable complex, are rather weak at this stage of assembly. This explains the previous observations that formation of the early intermediate can occur independently of GTP and that nucleotides can rapidly exchange in this intermediate (21) , and it is consistent with a recent cryo-EM analysis of an early cargo-SRP•SR targeting complex (31) . The early intermediate studied herein is considerably more stable (K d ∼ 4-10 μM and k off ∼ 62 s −1 ) than would be expected for encounter complexes and likely occurs at a stage later than simple diffusional encounter. The fact that this intermediate still has a distinct interaction surface than the final complex strongly suggests that productive protein-protein interactions can initiate at sites that are adjacent to, but quite distinct from, the final interaction surface.
Besides the electrostatic interaction between the N domains, a conserved electrostatic interaction between Lys399 in the G domain of SR and the GGAA tetraloop of the SRP RNA (the other component of SRP) also provides a crucial contact that stabilizes the early intermediate (approximately 12-fold) and accelerates stable complex assembly (32) . Despite extensive mutagenesis, these two pairs of electrostatic interactions are the only ones that have been found thus far to contribute significantly to the stability of the early intermediate. Together, these results show that formation of the SRP•SR early intermediate is driven primarily by long-range electrostatic attractions. Consistent with this notion, the stability of the early intermediate and the rate of stable complex assembly have a strong dependence on ionic strength (32) . Critical roles of electrostatic interactions in enhancing protein interaction kinetics have been predicted theoretically (33, 34) and demonstrated in multiple cases (35) (36) (37) (38) ; our results further emphasize the role of such interactions in stabilizing assembly intermediates, which provides an effective way to accelerate the overall assembly process.
Another intriguing finding here is that TR-FRET measurements revealed a broad conformational distribution for the early intermediate ( Fig. 5, blue ; Movie S1). The broad conformational distribution is also supported by the observation that single mutations in the G domain do not significantly affect the stability of the early intermediate, whereas a combination of these mutations causes a substantial disruption of its stability. This provides direct evidence that a wide conformational space is explored by this intermediate, which could aid in the search and selection for the optimal structure conductive to forming the stable complex (39) . Interestingly, the conformational space of the intermediate is actively regulated by the cargo of SRP (Fig. 5, green) , which restricts the conformation of the early intermediate and produces a more bimodal pattern of distribution. These changes could potentially provide a mechanism to exert biological regulation (18, 19) . Nevertheless, much more work will be needed to provide a molecular understanding of the conformational changes brought upon by the cargo and how these changes affect the complex assembly process.
Formation of the stable complex significantly restricts the distance distributions of both the G-G and NG-NG FRET pairs, consistent with the notion that a stable and stereospecific complex (K d ∼ 16-30 nM) has a much more defined structure. In comparison, a broader distribution of FRET distances was exhibited by the N-N FRET probes, which might arise from a combination of the following factors. First, residual, albeit more restricted, conformational sampling still occurs in the stable complex (Fig. 5,  red) . Second, interactions in the stable complex primarily involve the G domains and the NG-domain interface, whereas contacts between the N domains are rather limited (Fig. 1A) . Thus, the N domains are likely to have more flexibility than the G domains and can sample different configurations in the stable complex.
The features of the early intermediate during protein assembly bear intriguing analogies to molten globules during protein folding, in that both are relatively resistant to many mutations and have a broad free energy landscape that allows the protein(s) to sample multiple configurations (40) . Also analogous to the protein folding process, the energy landscape of protein assembly appears to be funnel shaped and becomes narrower as the free proteins transition through the intermediate and progress toward the steoreospecific complex (Fig. 5) , as predicted by theoretical work (7, 10-12, 33, 41) . These findings could represent general features of transient intermediates during assembly of stable protein complexes and provide a framework to understand their roles in enhancing protein interactions and biological regulation.
Methods
EPR. EPR spectra were acquired with a 9.4-GHz (X-band) Bruker EMX EPR spectrometer with an ER 4119HS cavity at 20-23°C. 40% glycerol was present in all samples to eliminate the global tumbling motion of proteins. All scans were carried out using a microwave power of 5 mW, a modulation amplitude of 2 G and a magnetic field sweep width of 100 G. The central linewidth of EPR spectra was the same at microwave powers of 0.2-5 mW. Averaged spectra were obtained from 32-64 scans, and background signals were subtracted. For specific conditions in the EPR measurements, see SI Methods.
Steady-State Fluorescence. All measurements were carried out at 25°C in SRP buffer [50 mM KHEPES, pH 7.5, 150 mM KOAc, 2 mM MgðOAcÞ 2 , 2 mM DTT, 0.01% Nikkol] on a Fluorolog-3-22 spectrofluorometer (Jobin Yvon), using an excitation wavelength of 380 nm and an emission wavelength of 470 nm. FRET efficiency was calculated as described (21) . To compare the relative equilibrium stabilities of the early intermediates formed by different SR mutants, 4 μM BODIPY-FL-labeled SR were incubated with 1 μM DACM-labeled SRP in the absence of GTP. Because formation of the early intermediate is rapid but has a high K d (4-10 μM), the FRET value at the subsaturating SR concentration provided a sensitive measure of the changes in its stability. For representative mutants, equilibrium titrations were carried out. The data were fit to Eq. 1,
; [1] in which E 1 is the FRET end point with saturating SR, and K d is the equilibrium dissociation constant of the early intermediate.
TR-FRET Measurements. TR fluorescence decay measurements were carried out in SRP buffer with a picosecond streak camera (C5680; Hamamatsu Photonics) in the photon-counting mode (42) , using an excitation wavelength of 355 nm generated from a third harmonic of a regeneratively amplified mode-locked Nd-YAG laser (pulsewidth is approximately 15 ps) (Vanguard, Spectra-Physics). A band-pass filter of 450 AE 5 nm was used as the emission filter. There was no observable fluorescence from buffer or unlabeled protein. DACM fluorescence decay kinetics was measured in both short (5-ns) and long (20-ns) timescale, with time resolutions of approximately 10 ps and approximately 40 ps, respectively. For specific conditions during the TR-FRET measurements and data analyses, see SI Methods.
